Abstract:
Introduction
The polymers capable of responding to external stimuli attracted the interest of many research groups in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Also known as smart polymers, this class of materials has very interesting properties and specific applications in the fields of drug delivery systems, sensors, therapeutic devices or optoelectronic switches. A variety of external stimuli can be used to change the materials' properties, such as temperature [11] [12] [13] [14] , light [15] [16] [17] [18] , pH [2, 12, [19] [20] , electric or magnetic fields [1, 10, [21] [22] . Among all these, a strong interest is shown for light in controlling the properties of materials. One of the great advantages is the possibility of tuning the system according to light's wavelength or intensity. One of the most frequently used molecules able to respond to light is the azobenzene which changes its trans stable configuration into a cis metastable one, as a result of UV irradiation (350 nm) [23] . The cistrans relaxation process can be induced by visible light (455 nm) or by a pure thermal mechanism. The azobenzene photoisomerization process can be used as a key-principle for a large group of supramolecular materials [15] [16] [17] [18] , including photosensitive micelles or vesicles [23] [24] [25] [26] [27] . As a function of polymer architecture, the response of the material can be concretized as a phase transition, a surface relief grating, or a film contraction.
The poor water solubility and membrane permeation are the main obstacles for clinical application of many new drugs. In this context, the use of polymer micelles is rapidly becoming a solution for controlled drug 
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One recent aspect of the research study on polymers is their capability to respond to external stimuli. Of importance are photosensitive polymers due to their application in drug delivery systems, sensors, therapeutic devices or optoelectronic switches. The present paper focuses on the azo-polysiloxane micelles capacity charged with hydrophobic drugs, such as nifedipine. Azo-polysiloxanes modified with quaternary ammonium groups and which are capable to generate photo-sensitive micelles were synthesized and characterized by 1 H-NMR, UV-VIS and fluorescence spectroscopy. The critical concentration of the micellar aggregation (CCA) was evaluated as was the nifedipine embedding capacity. The CCA values were influenced only by the hydrophobic/hydrophilic balance and not by the chemical structure of the quaternary ammonium groups. The disaggregation capacity of the micelles under UV irradiation was investigated as well, and the best results were obtained for the samples with higher azobenzene content. The DLS measurements evidenced micelles diameters situated in the optimum range domain (70-130 nm [32, 33] . There are only a few reports relating to the statistical distribution along the chain of the hydrophilic and the hydrophobic segments [17, 34, 35] . Our research group synthesized hybrid polymers (organic/ inorganic) with a siloxane main-chain, the hydrophilic and hydrophobic segments being connected to the same polymer chain. Therefore we propose a new type of polymer architecture, capable of generating photosensitive micelles with a potential application as drug delivery systems [17, [35] [36] [37] . The high flexibility and hydrophobicity of the polysiloxane chains impose some chains ordering particularities generating individual micelles or clusters [17] . The aggregation type and micelles' stability is strongly influenced by the hydrophobic/hydrophilic balance. The hydrophilic segments are represented by the quaternary ammonium groups regarding the azo-polysiloxane micelles, while the hydrophobic ones are the azobenzene segments and the polysiloxane chains.
This article presents a study concerning the capacity of azo-polysiloxane micelles charged with hydrophobic molecules such as nifedipine (NIF). NIF was selected as a hydrophobic model drug, in order to evaluate the main problems related to the micelles' loading and characterization (taking into consideration the special polymers' architecture). But, the NIF photosensitivity at long exposure times under UV light must be taken into consideration [38] . Different quaternary ammonium group structures and substitution degrees were used; the hydrophobic/hydrophilic balance was kept within the domain that assured individual micelles formation. The synthesized azo-polysiloxanes were characterized by 1 H-NMR and UV-VIS spectroscopy; the critical concentration of the micellar aggregation (CCA) was evaluated by the fluorescence method and the nifedipine embedding capacity by DLS methods. A study concerning the charged micelles' stability in time was also achieved.
Experimental procedure

Materials
All solvents (methylene chloride, tetrahydrofuran -THF, dimethyl sulfoxide -DMSO, acetone) and chemicals (N,N-Dimethyl-decylamine -DMDA, N,N-Dimethyldodecylamine -DMDDA, N,N-Dimethyl-tetradecylamine -DMTDA, N,N-Dimethyl-hexadecylamine -DMHDA, 1,3-Divinyltetramethyldisiloxane -DVDS, Trifluoromethanesulfonic acid, Tetrabutylammonium bromide -BrTBA, 4-Phenylazophenol, sodium hydroxide) were purchased from Aldrich (98.5-99.5%) and used as received. The synthesis and purification of the linear polysiloxane containing chlorobenzyl side groups was performed according to the methodology previously described in [39] , starting from ((chloromethyl) phenylethyl)methyldichlorosillane purchased from ABCR GmbH & Co. KG, Karlsruhe, Germany.
Instruments and methods
1 H-NMR, fluorescence spectroscopy and dynamic light scattering (DLS) were used for polymers' characterization.
The 1 H-NMR spectra were recorded on a Bruker 400 MHz apparatus. The UV-VIS spectra were registered on a Shimadzu UV-1700 and the fluorescent on a Shimadzu RF-5301PC apparatus. The classical method using pyrene fluorescence spectroscopy was used to evaluate the micellar critical concentration of aggregation [40] . Details concerning this technique used in the azo-polysiloxanic micelles were previously reported [17] .
The DLS method was used to study the micelles' morphology. The micelles were prepared using the co-solvent method that implies dissolving the polymer into THF, followed by the addition of 8 mL of bi-distilled water heated at 40ºC, drop by drop, under continuous stirring. The DLS experiments were performed on a Delsa Nano Submicron Particle Size Analyzer with a single 30 mW laser diode, 658 nm and a size range of 0.6 nm -7 µm. The measurements were made in a Size Cell (0.9 mL) by CONTIN method at room temperature and a scattering angle of 165°. The auto-correlation function is automatically calculated.
For the UV-VIS spectral registration (Fig. 3 ) the micelles were prepared using the co-solvent method. Micelles without nifedipine were prepared starting from 2mL polymeric solution in THF and the slow addition of bi-distilled water (drop by drop with a syringe), under continuous stirring on a magnetic hot plate heated at 40ºC (in order to eliminate the THF). The final concentration of the polymer is 0.1 g L -1 . Micelles with nifedipine were prepared from 2 mL polymer and nifedipine solution in THF and slowly addition of bidistilled water (drop by drop with a syringe), under continuous stirring on a magnetic plate heated at 40ºC. The final concentration of the polymer is 0.1 g L -1 and the final concentration of nifedipine is 1 g L -1 .
Polymer synthesis
The amphiphilic polymers were obtained using a two-step procedure: (1) the linear polysiloxane was modified with azo-benzene groups by a nucleophilic substitution reaction; (2) the unreacted chlorobenzyl groups were quaternized with different tertiary amines (Scheme 1). Details concerning the polymers synthesis and purification were previously reported [17].
Results and discussion
The structures of the azo-polysiloxanes modified with quaternary ammonium groups were confirmed by 1 H-NMR. From 1 H-NMR spectra the molecular weights (M n ) of the polymers were calculated considering corresponding the substitution degree with azobenzene and quaternary ammonium groups and the starting molecular weight of the linear polysiloxane (M n = 4,800-5,000). A typical 1 H-NMR spectrum is presented in Fig. 1 .
The substitution degree was evaluated based on the signals corresponding to the unsubstituted chlorobenzyl (4.5 ppm) and substituted group (5.0 ppm) signals. As both methylenic substituted groups with azobenzene and quaternary ammonium respectively(-Ø-CH 2 -O-Ø-and -Ø-CH 2 -N + -) present similar chemical shifts (5 ppm), it is compulsory to calculate the substitution degrees after the first reaction step (substitution only with azo-groups). Fig. 1 presents a typical example of a substitution degree evaluation.
Some characteristics of the synthesized polymers are presented in Table 1 .
The next step of the study consisted of evaluating the CCA values corresponding to the synthesized polymers.
The CCA values are presented in Table 1 , while a typical plot of I 1 /I 3 intensity as a function of the concentration is illustrated in Fig. 2 (the CCA value being considered as the inflection point of the curves). It is worth mentioning that all the CCA values are situated within the Scheme 1. Synthesis of azo-polysiloxanes containing quaternary ammonium groups. 
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(2-8)×10 -3 g L -1 domain and are small compared to the CCA values of classical emulsifiers. These small CCA values can be explained by the high azobenzene aggregation capacity (hydrophobic segments) [41] . For the investigated polymers, one can observe that the structure of the quaternary ammonium groups does not significantly influence the CCA values, only the substitution degree is important.
The disaggregation capacity of the azo-polysiloxanic micelles under UV irradiation was investigated using the fluorescence method with pyrene as a marker. If the pyrene is incorporated inside the micelles, the I 1 /I 3 ratio of the intensity of the peaks must be situated below 1.5. If the micelles' disaggregation process takes place, the pyrene will be released into water and I 1 /I 3 ratio must increase above 1.7 (the corresponding value of the free pyrene in water). The azo-polysiloxanic micelles were UV irradiated (365 nm) for 10 min and 20 min, respectively, the I 1 /I 3 values of which are presented in Table 2 . All the micellar systems were prepared using 0.05 mg mL -1 solutions, concentration situated above CCA. H-NMR spectrum of Sample 2 after the first substitution step with azo groups (a) and the second substitution step with quaternary ammonium groups (b). Table 2 , the polysiloxanes with a higher azobenzene content (Samples 2, 4, 6 and 8) have a better disaggregation capacity after 20 minutes of irradiation and the I 1 /I 3 ratio is close to the value that corresponds to free pyrene in water. Samples 1 and 7 have poor values with no disaggregation processes taking place probably due to the lower azobenzene content. For Samples 3 and 5 only a partial disaggregation process was emphasized. The micelles' disaggregation process is induced on one hand by the geometrical modifications of the entire polymeric chains conformation, as a consequence of the transcis isomerization of the azo-groups. On the other hand, the azo-groups' dipole moment is strongly affected by the isomerization process (1.6 D for trans-isomer and 4.5 D for the cis-one [42] ) and, as a consequence, the hydrophobic/hydrophilic balance is affected.
As depicted in
The presence of the nifedipine inside the micelles was demonstrated by UV-VIS and DLS analyses. Due to its hydrophobicity, nifedipine is not soluble in water and, as a consequence, it is not possible to register an UV-VIS spectrum using water as solvent. In ethanol, nifedipine presented two absorption maxima situated at 200 and 240 nm (Fig. 3) . In the case of micellar systems without nifedipine the UV-VIS spectra had two main absorption maxima at 210 and 350 nm. In the case of micelles charged with nifedipine the UV-VIS spectra reflect a clear displacement of the absorption maximum from 220 to 245 nm, induced by the presence of nifedipine inside the micelle.
The presence of nifedipine inside the micelles is also confirmed by DLS measurements. The average diameter of the micelles was measured before and after nifedipine incorporation. Monomodal curves were obtained for all the synthesized polymers, but having different asymmetry degrees, reflected in such cases a possible inter-micellar association process exists. Previous studies developed in our group on similar structures evidenced the possibility to generate clusters as a result of the inter-micellar aggregation process [17] . curves corresponding to samples 1 and 5, the micelles' diameters distribution being more or less symmetrical.
As depicted in Table 3 , for all the samples a certain quantity of nifedipine was incorporated inside the micelles that induced an increase in the average diameter. The quantity of nifedipine incorporated is influenced by the polymer's chemical structure and by the ratio between the hydrophilic and hydrophobic segments. The best results were obtained for samples 1 and 8.
The micelles' stability in time was evaluated 7, 14 and 21 days after preparation, the diameter being approximately constant. This can be appreciated as a good stability of the systems. An example concerning the micelles' stability is presented in Fig. 5. 
Conclusions
Azo-polysiloxane polymers able to generate photosensitive micelles are synthetized and characterized. The polymer architecture is unconventional, both hydrophobic (azobenzene) and hydrophilic (quaternary ammonium) groups are connected to the same chain. The micellar critical concentration of aggregation exhibited low values of (2-8)×10
-3 g L -1 for all the studied systems, probably due to the high aggregation capacity of the azobenzene hydrophobic segments. The chemical structure of the quaternary ammonium groups did not influence the CCA values; however the hydrophobic/ hydrophilic balance was important. The disaggregation capacity of the micelles under UV irradiation was evaluated. The best results were obtained for the samples with a higher azobenzene content. The DLS measurements evidenced monomodal systems, the micelles' diameters were situated in the optimum of 70-130 nm. The capacity to incorporate nifedipine inside the micelles was demonstrated. The micelles exhibited a good stability in time, 21 days after preparation the diameter had constant values.
